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Previewsfound that the strongest responses of the
TANs were for self-timed No-Go
responses—recalling the differential
effects suggested by Ding et al. on the
D2 indirect pathway neurons. Moreover,
the responses of TANs can be used with
remarkable accuracy to predict whether
a movement will occur in response to
a conditioned stimulus (Blazquez et al.,
2002). Yet, in other experimental situa-
tions, TANs respond without any move-
ment (Lee et al., 2006); and TAN
responses can be modulated by many
contexts, rewarding or aversive (Apicella,
2007), can have a directional movement
preference along with or instead of being
reinforcement related (Shimo and Hiko-
saka, 2001), or can exhibit firing related
to internally generated states (Lee et al.,
2006). Thus, in some situations, it is likely
that the burst-and-pause responses that
develop signify less the interruption of an
ongoing motor program and more the
change in network state arising from the
presentation of an external conditioned
stimulus or an internal cue. They may
also function in the direction of upcoming178 Neuron 67, July 29, 2010 ª2010 Elseviercue-evoked movements. Thought of in
this way, the burst-and-pause responses
of ACh interneurons may relate not only
to the interruption of ongoing motor
behavior and the redirection of attention
but also to the more subtle shifts in cor-
tico-basal ganglia network processing
that occur following a predictive or
instructive stimulus, whether external or
internal (Apicella, 2007). If so, your
learned reaction to the walk sign may
engage the same cortico-basal ganglia
circuitry as your unlearned freeze to avoid
being run over!
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Multisensory integration is central to perception, and recent work drafts it as a distributed process involving
many and even primary sensory cortices. Studies in behaving animals performing a multisensory task
provide an ideal means to elucidate the underlying neural basis, and a new study by Lemus et al. in this issue
of Neuron thrusts in this direction.The plurality of our senses offers behav-
ioral superiority, because we often per-
ceive our environment more accurately
when combining evidence across the
modalities. Given the manifold impact
of the brain’s multisensory nature on
perceptionandbehavior, there isconsider-
able interest in the questions of where and
howour brainmerges the sensory informa-tion (Stein and Stanford, 2008). Recently,
a number of studies highlighted the role
of early sensory areas in this process,
and demonstrated signs of multisensory
processing even down to primary sensory
cortices (Ghazanfar and Schroeder, 2006;
Kayser and Logothetis, 2007). At times,
these were taken to suggest that primary
cortices have access to informationcaptured by other modalities. In this issue
of Neuron, Lemus et al. (2010) put this
notion to a test by directly probingwhether
neurons in primary auditory and somato-
sensorycorticesencode informationabout
stimuli presented to the other modality.
In their study, the authors employed
variants of the flutter discrimination task,
which has been extensively used to study
Neuron
Previewsthe neural underpinnings of sensory en-
coding, short-term memory, and decision
making in nonhuman primates (Romo and
Salinas, 2003). Monkeys were trained to
discriminate vibrating stimuli that were
presented either as tactile sensation to
the finger tip or as an acoustic pulse train
to the ears. During each trial, two stimuli
of different frequency were presented,
interspersed with a short retention inter-
val, and the animal had to decide which
of the two stimuli was of higher frequency.
While the animals performed this task
with high proficiency, the authors re-
corded the activity of neurons in primary
and secondary somatosensory cortices
(S1 and S2, respectively) and in primary
auditory cortex (A1).
The central questions asked by Lemus
and colleagues were the following: do
neurons in S1 (or A1) respond also to
stimuli presented to the auditory (somato-
sensory) modality? And if so, do their
responses provide information about the
identity of the presented stimulus (here,
its flutter frequency)? A positive finding
would demonstrate that neurons in pri-
mary sensory cortices not only encode
events in their dominant modality (e.g.,
tactile stimuli in the case of S1), but are
also capable of representing stimuli in
other modalities. In the experiments of
Lemus and colleagues, however, this
was not the case.
More specifically, they found that neu-
rons in S1 encode the tactile flutter fre-
quency by systematic variations in their
firing pattern. Of the same neurons, how-
ever, only a small percentage responded
during the presentation of acoustic flutter,
and importantly, their responses did not
vary systematically with the flutter fre-
quency. Similarly, neurons in A1 encoded
acoustic, but not tactile, flutter frequen-
cies, despite the fact that some neurons
in auditory cortex responded to the pre-
sentation of the tactile stimulus. Hence,
while the firing of some neurons was
affected by the presentation of a stimulus
in the nonpreferred modality, the change
in firing rate did not systematically encode
features of stimuli in that modality. This
result was consistently found for neural
activity recorded during stimulus presen-
tation and the retention period, and in
tasks requiring the animals to compare
two flutter stimuli in samemodality or pairs
of bimodal flutter stimuli, and in tasksrequiring the animals to compare flutter
frequencies across both modalities.
How does this result fit with the multi-
sensory nature of early sensory cortices
as suggested by previous work? Numer-
ous studies measuring field potentials or
functional imaging signals have reported
auditory cortex activations to either visual
or somatosensory stimuli, and together
with neuroanatomical studies provide
compelling evidence for the presence of
synaptic inputs from other sensory
modalities to auditory cortex (Kayser and
Logothetis, 2007; Smiley et al., 2007). And
in the same areas, single-neuron studies
demonstrated multisensory response
modulation, a phenomenon whereby re-
sponses to acoustic stimuli are enhanced
or reduced when the same sound is pre-
sented in visual or somatosensory con-
texts (Bizley and King, 2008). In addition,
studies in somatosensory cortex have
shown that neurons can respond to non-
tactile stimuli, especially in conditions
where these are essential parts of a
behavioral task, such as during the reten-
tion of nontactile information for a later
tactile choice (Zhou and Fuster, 2000).
Still, the existence of such multisensory
influences does not necessarily mean
that the same responses convey informa-
tion about the identity of stimuli in the
other modality, and the work of Lemus
et al. highlights a situation where this
indeed does not seem to be the case.
Should we then conclude that multisen-
sory influences in early sensory cortices
are functionally unspecific and do not
provide benefits for the processing and
sensory representations in these areas?
Not necessarily. The experiments of
Lemus and colleagues test only the most
stringent interpretation of what multisen-
sory inputs could do: provide detailed
information about specific features of
stimuli presented to another modality.
This might indeed not be the case. How-
ever, at the level of behavior, multisensory
facilitation increases the reliability of our
percept and enhances the perceptual
signal-to-noise ratio—benefits that con-
cern the facilitation of processing in one
modality rather than requiring the core-
presentation of configural information
from several modalities. And indeed,
recent studies have demonstrated exactly
such multisensory benefits in early sen-
sory cortices. For example, visual andNeuronsomatosensory stimuli can modulate low-
frequency oscillations in auditory cortex,
and by doing so, shape the excitability
of local networks and mediate stimulus
selection (Schroeder and Lakatos, 2009).
Multisensory influences also interact
with attentional selection, suggesting
the existence of a shared substrate for
both mechanisms of selective stimulus
enhancement (Lakatos et al., 2009). And
multisensory influences can affect neural
information coding by not only altering
firing rates, but by reducing the trial-to-
trial variability of responses, and can
thereby increase the reliability and infor-
mation carrying capacity of sensory
representations in early sensory cortices
(Kayser et al., 2010). By virtue of such
mechanisms, multisensory influences
can enhance the responsiveness of local
neural networks and modulate the neu-
rons’ stimulus selectivity, without intro-
ducing a corepresentation of specific
attributes from other sensory modalities.
While not directly tested by Lemus and
colleagues, the responses of neurons
during the audio-tactile task might well
be in concordance with such more subtle
forms of multisensory benefits.
It is also important to note that the
results of Lemus et al. were obtained
during the presentation of stimuli that
were well-perceivable to the animals and
were far above perceptual threshold.
Behavioral benefits of sensory integration,
however, are strongestwhen the evidence
provided by individual senses is poor,
such as that for weak, faint, or obscured
stimuli (Stein and Stanford, 2008). Visual
benefits for hearing, as an example, are
best experienced in noisy environments
like thecocktail-party setting,where visual
lip-reading aids the understanding of
speech. It seems likely that multisensory
influences during an audio-tactile flutter
task are stronger when the intensity of
the stimuli is reduced and the behavioral
decision more difficult. Only by probing
for multisensory responses in such a
regime will future studies be able to eluci-
date the full extent to which neurons in
S1 or A1 respond to or encode stimuli
presented to another modality.
Despite testing only one particular
and highly stringent definition of multisen-
sory influence, the work by Lemus
and colleaguesmakes an important point:
studies in alert animals performing a67, July 29, 2010 ª2010 Elsevier Inc. 179
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Previewsmultisensory task are likely the best
means to understand the neural basis of
why and how we perceive our environ-
ment better when having access to infor-
mation from multiple modalities. Future
studies could not only address the rele-
vance of near-threshold stimuli in the
same task, but could also address the
relevance of ecologically and socially
relevant stimuli, and the relation of
attention and multisensory processing.
Sensory processing in general, and
sensory integration in particular, might
be tuned to behaviorally relevant stimuli.
In the auditory system, for example, multi-
sensory influences have been empha-
sized in contexts of face-voice integra-
tion, and the use of such stimuli might
uncover mechanisms of sensory interac-
tions that go unnoticed when using more
simplistic sensations (Ghazanfar, 2009).
The relation of attention and multisensory
processing also deserves closer inspec-
tion, both at the level of behavior and
at the level of the underlying neural
processes (van Ee et al., 2009). Coher-
ently perceived multisensory stimuli are
often more salient than their individual
components, and disentangling contribu-
tions from sensory integration and atten-
tion will require careful and clever task
designs in which the attentional load is
well controlled.180 Neuron 67, July 29, 2010 ª2010 ElsevierLast but not least, it will be important to
reveal where and how neural signs of
multisensory processing directly reflect
the behavioral benefits of sensory integra-
tion. Again, the study by Lemus et al.
provides an excellent first step in this
direction. For each of the cortical areas
investigated, the authors asked whether
the neural responses would predict the
animals’ choice in individual trials. By
calculating so-called choice probabilities,
an index relating neural response and
behavioral performance on a trial-by-trial
basis, they found that responses in
primary sensory cortices (S1 and A1) did
not correlate with the animals’ perfor-
mance. However, responses recorded
from area S2 did, suggesting that S2 is
closer to the stage mediating behavioral
decisions in this task. It is noteworthy
that a fraction of neurons in S2 responded
not only to acoustic stimuli, but also
encoded the acoustic flutter frequency,
demonstrating bimodal frequency repre-
sentations in this area. Still, whether the
multisensory influence seen in S2 corre-
lates with potential behavioral benefits of
multisensory stimuli remains to be seen.
For sure, systematically comparing multi-
sensory processing and encoding across
areas and directly relating this to behav-
ioral facilitation or decisions is a key
approach for future studies in providingInc.insights into the neural basis of our multi-
sensory percept.
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